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Tissue  engineering  strategies  that  primarily  use  biological  extracellular  matrices  (ECMs)  with  or  without 
the  inclusion  of  a  stem  or  progenitor  cell  source  are  under  development  for  the  treatment  of  trauma 
resulting  in  the  loss  of  a  large  volume  of  skeletal  muscle  (i.e.,  volumetric  muscle  loss;  VML).  The  explicit 
goal  is  to  restore  functional  capacity  to  the  injured  tissue  by  promoting  generation  of  muscle  fibers.  In  the 
current  study,  a  syngeneic  muscle-derived  ECM  (mECM)  was  transplanted  in  a  rat  tibialis  anterior  (TA) 
muscle  VML  model.  Instead  of  muscle  fiber  generation  a  large  fibrotic  mass  was  produced  by  mECM 
transplantation  out  to  six  months  post-injury.  Surprisingly,  recovery  of  one-third  of  the  original  func¬ 
tional  deficit  was  still  achieved  by  two  months  post-injury  following  mECM  transplantation.  These 
counterintuitive  findings  may  be  due,  at  least  in  part,  to  the  ability  of  mECM  to  attenuate  muscle  damage 
in  the  remaining  muscle  as  compared  to  non-repaired  muscle.  These  findings  point  to  a  novel  role  of 
biological  ECMs  for  the  treatment  of  VML,  wherein  the  remaining  muscle  mass  is  protected  from  pro¬ 
longed  overload  injury. 

Published  by  Elsevier  Ltd. 


1.  Introduction 

Skeletal  muscle  has  a  remarkable  capacity  to  self-repair, 
regenerate,  and  remodel  in  response  to  injury  and  stress.  Rodent 
muscle  injury  models  in  which  satellite  cells  remain  viable  [1,2],  the 
basement  membrane  is  left  relatively  intact  [3,4],  and  an  appro¬ 
priate  inflammatory  response  ensues  [5,6]  are  generally  fully 
recoverable  following  ~  1  —  2  months  of  healing.  However,  in  man 
[7,8]  and  rodents  [9—14],  trauma  that  results  in  the  frank  loss  of 
a  large  volume  of  skeletal  muscle  tissue  (i.e.,  volumetric  muscle 
loss;  VML)  cannot  be  completely  regenerated  under  endogenous 
mechanisms.  The  chronic  loss  of  muscle  mass  and  function  can  lead 
to  a  cycle  of  untoward  clinical  outcomes  manifesting  in  mandatory 
or  elected  amputation  and/or  disablement  [8,15].  Since  the  seminal 
papers  of  Studitsky  [16]  and  Carlson  [17—19]  demonstrated  the 
capacity  of  skeletal  muscle  to  regenerate  following  severe  trauma 
over  50  years  ago,  many  of  the  molecular  and  cellular  mechanisms 
regulating  regeneration  have  been  elucidated.  However,  only 
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modest  gains  have  been  made  towards  developing  clinical  ther¬ 
apies  that  promote  generation  of  a  large  volume  of  muscle  after 
severe  trauma  or  surgical  excision. 

Skeletal  muscle  tissue  engineering  therapies  may  provide  an 
unprecedented  treatment  option  for  volumetric  muscle  loss.  Cur¬ 
rently,  many  tissue  engineering  approaches  involve  transplantation 
of  a  sheet  of  decellularized  extracellular  matrix  (ECM)  either 
with  or  without  the  inclusion  of  a  stem  or  progenitor  cell  source 
[9,10,20—24],  In  fact,  to  date  a  scaffold  composed  of  laminated 
sheets  of  porcine  derived  small  intestinal  submucosa  (SIS)  ECM  is 
the  only  FDA-approved  tissue  engineering  device  reported  to  treat 
volumetric  muscle  loss  ( ~3  years  post-injury)  in  the  clinic  [8[.  The 
use  of  biological  decellularized  matrices  is  based  upon  the  de  novo 
role  of  muscle  ECM  following  injury.  That  is,  transplanted  biological 
ECMs  are  degraded  in  the  presence  of  a  targeted  immune  response 
[25,26],  The  degradation  products  are  thought  to  present  biological 
factors  and  structures  (e.g.,  growth  factors,  cryptic  peptides,  base¬ 
ment  membrane  fragments)  that  interact  with  the  host  to  create 
a  pro-regenerative  environment  [3,23,25,27,28].  As  a  result,  trans¬ 
plantation  of  a  variety  of  ECMs  in  preclinical  animal  models  has 
resulted  in  modest  levels  of  muscle  fiber  generation  at  the  site  of 
the  defect  during  the  initial  months  post-injury  [20,28—30]. 
However,  an  apparent  enhanced  rate  of  muscle  fiber  generation  at 
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later  times  post-injury  (4—6  months)  has  been  reported  in  the  dog 
hindlimb  [22],  indicating  that  in  large,  and  potentially  small, 
mammals  a  prolonged  post-operative  period  is  required  to  realize 
the  regenerative  potential  of  biological  ECM  devices. 

Volumetric  muscle  loss  has  been  defined  as  “the  traumatic  or 
surgical  loss  of  skeletal  muscle  with  resultant  functional  impair¬ 
ment”  [15].  Therefore,  a  successful  tissue  engineering  therapy  for 
VML  is  one  that  restores  functional  capacity  to  the  injured  mus¬ 
culature.  Ideally,  transplantation  of  a  biological  ECM  (with  or 
without  the  inclusion  of  stem  or  progenitor  cells)  at  the  site  of  VML 
will  enable  generation  of  functional  muscle  fibers  to  replace  those 
that  were  lost.  At  the  same  time,  it  is  plausible  that  such  treatments 
could  also  have  a  therapeutic  impact  on  the  remaining  muscle  mass 
leading  to  additional  improvements  in  functional  capacity;  how¬ 
ever,  no  study  has  explicitly  studied  these  effects. 

The  purpose  of  the  current  study  is  two-fold:  First,  we  sought  to 
determine  if  the  transplantation  of  a  syngeneic  muscle  derived  ECM 
(mECM)  promotes  functional  recovery  in  a  Lewis  rat  tibialis  anterior 
muscle  (TA)  VML  model  [14]  over  the  first  six  months  post-injury. 
Second,  upon  observing  a  significant  improvement  in  functional 
capacity  with  mECM  transplantation,  we  sought  to  determine  the 
general  mechanism  (muscle  fiber  generation  vs.  regeneration  of  the 
remaining  muscle)  by  which  the  mECM  improved  function. 

2.  Methods 

2.1.  Animals 

This  study  has  been  conducted  in  compliance  with  the  Animal  Welfare  Act,  the 
Implementing  Animal  Welfare  Regulations  and  in  accordance  with  the  principles  of 
the  Guide  for  the  Care  and  Use  of  Laboratory  Animals.  All  animal  procedures  were 
approved  by  the  United  States  Army  Institute  of  Surgical  Research  Animal  Care  and 
Use  Committee.  Adult  Male  Lewis  rats  (Harlan  Laboratories,  Indianapolis,  IN)  were 
housed  in  a  vivarium  accredited  by  the  American  Association  for  the  Accreditation  of 
Laboratory  Animal  Care  and  provided  with  food  and  water  ad  libitum. 

2.2.  Preparation  and  characterization  of  muscle-derived  ECM  (mECM) 

2.2.1.  Source  and  decellularization  procedure 

TA  muscles  were  isolated  from  donor  Lewis  rats.  The  tendon  and  fascia  were 
removed  and  TA  muscle  decellularization  was  performed  using  an  enzymatic  and 
detergent-based  method  previously  described  for  rat  skeletal  muscle  [31  ]  with  some 
modifications.  Briefly,  TA  muscles  were  frozen  at  -20  °C  and  then  soaked  in  dH20  or 
Dulbecco’s  Modified  Eagle  Medium  (DMEM;  Invitrogen,  Carlsbad,  CA)  for  72  h  at  4  °C. 
The  muscles  were  then  treated  with  0.15%  trypsin  in  DMEM  (Invitrogen,  Carlsbad,  CA) 
at  room  temperature  for  1  h,  after  which  the  enzyme  was  neutralized  with  10%  fetal 
bovine  serum  (FBS)  in  DMEM  overnight  at  4  °C.  Next,  the  muscles  were  treated  with 
3.0%  triton  x-100  (Fisher  Scientific,  Pittsburg,  PA)  solution  until  the  muscle  was  clear 
(2  changes  per  day;  3—5  days),  followed  by  rinses  in  dH20  or  PBS  for  three  days  (2—3 
changes  per  day).  All  mECMs  were  sterilized  with  UV  light  for  at  least  4  h. 

2.2.2.  Genomic  DNA  quantification 

Genomic  DNA  extraction  and  quantification  were  performed  in  three  mECMs 
that  were  dissected  into  proximal,  medial,  and  distal  sections.  Genomic  DNA  was 
isolated  using  TRIzol  Reagent®  (Invitrogen,  CA,  USA)  following  manufacturer’s  in¬ 
structions.  Rat  TA  muscle  not  subjected  to  the  decellularization  process  was  used  as 
a  control.  Briefly,  TRIzol  Reagent®  was  added  to  each  sample  followed  by  power 
homogenization  (Bio-Gen  PRO200,  CT,  USA)  and  phenol-chloroform  separation. 
DNA  was  precipitated  with  ethanol,  washed  with  sodium  citrate  in  ethanol  and 
resuspended  in  8  mM  NaOH.  DNA  samples  were  quantified  using  a  Nanodrop  8000 
(Thermo  Scientific,  DE,  USA)  and  normalized  to  initial  sample  weight. 

2.2.3.  In  vitro  cell  proliferation  assay 

Tissue  culture  plates  (48-well)  were  coated  in  0.2  mg/mL  collagen  (Becton 
Dickinson,  Rat  Tail  Collagen  I)  dissolved  in  1%  acetic  acid,  were  incubated  for  1  h  at 
room  temperature,  and  were  then  washed  with  phosphate  buffered  saline  (PBS) 
prior  to  cell  seeding.  Rat  satellite  cells  were  isolated  from  hindlimb  muscles  similar 
to  that  previously  described  by  Allen  et  al.,  [32],  and  were  seeded  at  approximately 
3000  cell/cm2  in  growth  media  (DMEM  +  20%  FBS  +  1%  Antibiotic  Antimycotic)  and 
attached  for  24  h.  Control  wells  with  no  cells  were  also  plated  with  media.  After 
attachment,  media  was  removed  and  replaced  with  media  containing  either  10% 
fetal  bovine  serum  (FBS)  or  10%  horse  serum  (HS).  Treatment  groups  included 
control  media  and  media  supplemented  with  0.5  mg/mL  mECM.  A  CyQUANT®  cell 
proliferation  assay  was  performed  according  to  the  manufacturer’s  instructions  (Life 


Technologies™)  on  days  0, 1, 3,  and  5  (n  =  4  wells  per  treatment  group  at  each  time 
point).  Plates  were  read  on  a  SpectraMax  M2  plate  reader  (Molecular  Devices). 
Background  was  diminished  by  subtracting  appropriate  blank  controls  for  each 
group.  For  these  studies,  mECM  was  frozen,  lyophilized,  and  then  milled  using 
a  Thomas  Wiley  Mini-Mill  (Thomas  Scientific)  and  passed  through  a  number  20 
mesh  ( ~  841  pm). 

2.3.  Bone  marrow-derived  mesenchymal  stem  cell  isolation  and  characterization 

To  isolate  bone  marrow-derived  stem  cells,  both  the  proximal  and  distal  epi¬ 
physis  of  isolated  tibiae  and  femurs  of  male  Lewis  rats  were  removed  using  a  Boehier 
bone  cutter.  The  medullary  cavity  was  flushed  two  times  with  Hank’s  Balanced  Salt 
Solution  (HBBS)  using  a  10  mL  syringe  and  20-gauge  needle,  and  the  bone  marrow 
cell  suspension  centrifuged  for  5  min  at  500  x  g  at  room  temperature.  The  cell  pellet 
was  re-suspended  in  growth  medium.  Cells  were  seeded  (5  x  105  cells/cm2)  on 
25  cm2  culture  flasks,  the  nonadherent  cells  removed  after  2  days,  and  adherent  cells 
cultured  until  colonies  reached  80—90%  confluence  (~2  weeks).  At  the  first  and 
subsequent  passages,  cells  were  detached  using  0.05%  trypsin-EDTA,  centrifuged  at 
500  g  for  5  min,  and  seeded  at  40,000/cm2  in  a  75  cm2  culture  flasks.  Cells  from 
passage  4—6  were  used  in  this  study.  All  culture  reagents  were  purchased  from 
Invitrogen  (Grand  Island,  NY). 

To  verify  the  purity  of  the  BMSC  isolation,  a  subset  of  cells  were  used  for  flow 
cytometry  analysis.  Cells  detached  from  culture  flasks  were  washed  with  staining 
buffer  (BioLegend,  San  Diego,  CA)  three  times  and  incubated  with  Alexa  488  or  PE- 
conjugated  anti-CD90,  CD29,  CD54,  CD44H,  CD45,  or  CD34  (all  from  BioLegend,  San 
Diego,  CA)  monoclonal  antibodies  or  FITC  or  PE-conjugated  nonspecific  IgG  anti¬ 
bodies  for  negative  controls  for  40  min  at  4  °C.  After  three  washes  in  staining  buffer, 
cells  were  centrifuged  (500x  g),  the  cell  pellet  resuspended  in  100  pL  volume  of  cell 
staining  buffer  (BioLegend),  and  flow  cytometry  analyses  performed  using  a  FACAria 
flow  cytometer  (Becton— Dickinson,  Mt,  View,  CA).  Ten  to  fifty  thousand  cells  were 
analyzed  using  FACSDiva  software  (BD  Biosciences,  Mt,  View,  CA).  The  percent 
positive  staining  for  each  marker  was:  CD90,  76.8%;  CD29,  99.5%;  CD54,  92.0%; 
CD44H,98.3%;  CD34,0%;  and  CD45,  0.4%. 

2.4.  VML  injury  model 

The  surgical  procedure  for  creating  VML  in  the  rat  TA  muscle  was  performed  as 
described  previously  [14].  Using  aseptic  technique,  a  surgical  defect  of  ~10x 
7x3  mm  (length  x  width  x  depth)  was  created  in  the  middle  third  of  the  TA  muscle 
using  a  scalpel.  The  excised  defect  weight  approximated  ~20%  of  the  estimated  TA 
muscle  weight. 

2.5.  TA  muscle  VML  repair 

Immediately  after  the  creation  of  the  muscle  defect,  mECM  was  placed  into  the 
defect  area  and  sutured  to  the  remaining  TA  muscle  at  the  corners  and  margins  of 
the  implant  using  prolene  suture  (6—0).  Care  was  taken  to  include  the  epimysium  of 
the  TA  muscle  in  the  suture,  as  this  suturing  method  withstands  tension  well  and 
thus  promotes  superior  suture  retention  [33],  Additionally,  these  sutures  were  used 
as  markers  of  the  defect  implant  interface  at  the  time  of  harvest.  Seven  days  after 
injury,  a  longitudinal  skin  incision  was  made  over  superficial  aspect  of  the  TA 
muscle.  Either  saline  or  saline  +  BMSCs  (1  x  106  cells  in  30  pL)  was  injected  into  the 
mECM  using  an  insulin  syringe.  The  skin  was  closed  with  simple  interrupted  prolene 
suture  (6—0). 

2.6.  In  vivo  functional  analysis 

Anterior  crural  muscle  in  vivo  mechanical  properties  were  measured  in  anes¬ 
thetized  rats  (isoflurane  2—2.5%)  in  both  legs,  following  EDL  muscle  distal  tenotomy 
using  methodology  we  have  described  previously  [14].  Core  body  temperature  was 
monitored  and  maintained  at  36—37  °C.  A  nerve  cuff  was  implanted  in  each  leg 
around  the  peroneal  nerve.  The  foot  was  strapped  using  silk  surgical  tape  to  a  foot 
plate  attached  to  a  dual-mode  muscle  lever  system  (Aurora  Scientific,  Inc.,  Mod. 
305b).  The  knee  was  secured  on  either  side  using  a  custom-made  mounting  system, 
and  the  knee  and  ankle  were  positioned  at  right  angles.  Then,  a  skin  incision  was 
made  at  the  antero-lateral  aspect  of  the  ankle  and  the  distal  EDL  muscle  tendon  was 
isolated  and  severed  above  the  retinaculum.  The  TA  muscle  and  tendon,  as  well  as 
the  retinaculum  were  undisturbed.  Peak  isometric  torque  was  determined  by 
stimulating  the  peroneal  nerve  using  a  Grass  stimulator  (S88)  at  150  Hz  with 
a  pulse-width  of  0.1  ms  across  a  range  of  voltages  (2—8  V). 

2.7.  In  situ  functional  analysis 

In  situ  muscle  mechanical  properties  were  measured  as  previously  described 
[34,35].  A  sub-population  of  non-repaired  VML  injured  muscle  forces  at  two  and 
four  months  post-injury  were  reported  on  previously  [14].  To  control  for  normal 
growth  and  differences  among  groups  (Table  1),  forces  were  normalized  to  body 
weight.  The  transected  common  peroneal  nerve  was  stimulated  via  a  nerve  cuff 
electrode  using  a  pulse  stimulator  (A-M  Systems,  Inc,  Mod.  2100).  The  distal  tendon 


Table  1 

Morphological  and  functional  characteristics. 
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of  the  tibialis  anterior  (TA)  was  isolated  and  cut.  The  distal  1  /3  of  the  TA  was  dis¬ 
sected  free  from  the  surrounding  musculature  gently  leaving  the  origin  and  neu¬ 
rovascular  pedicle  intact.  The  distal  tendon  was  threaded  through  a  hole  in  the  lever 
arm  of  a  dual-mode  servo  muscle  lever  system  (Aurora  Scientific,  Inc.,  Mod.  309b) 
and  secured  with  4—0  silk  suture.  The  lower  leg  was  secured  and  stabilized  with  pins 
at  the  knee  and  ankle  joints.  Core  body  temperature  was  monitored  and  maintained 
at  36—37  °C.  All  measurements  were  made  with  the  muscles  set  at  optimal  length 
(L0)  with  a  0.1  ms  pulse  width  at  a  voltage  corresponding  to  1.5— 2  x  the  voltage 
required  for  peak  twitch  tension  (Pt).  L0  was  determined  from  Pf  using  an  automated 
routine  as  follows:  starting  in  a  slack  position  the  muscle  was  stimulated  at  1  Hz  for 
a  set  of  8  twitches;  the  last  two  twitches  were  averaged  and  the  Pt  was  stored.  The 
lever  then  automatically  moved  0.1  mm,  and  the  routine  was  repeated  2  s  later.  Each 
twitch  set  including  lever  movement  took  10  s.  This  continued  until  the  average  Pf 
did  not  change  by  more  than  2%  between  3  consecutive  twitch  sets,  indicating 
the  plateau  of  the  isometric  length— tension  curve.  Optimal  length  ( L0 )  was  defined 
as  the  second  of  the  three  twitch  sets.  Following  establishment  of  L0,  peak 
tetanic  isometric  force  was  measured  with  a  400  ms  train  over  a  range  of  frequencies 
(100—200  Hz).  A  custom,  LabView™  (National  Instruments  Inc.)  based  program  was 
used  to  control  the  muscle  lever  systems  and  collect,  store  and  analyze  the  data  from 
in  vivo  and  in  situ  muscle  function  studies. 

2.8.  TA  muscle  harvest  and  histological  procedures 

TA  muscles  were  embedded  in  a  talcum-based  gel  and  frozen  in  2-methylbutane 
(Fisher  Scientific)  supercooled  in  liquid  nitrogen.  Cryostat  cross-sections  (8  pm) 
were  cut  from  the  middle  third  of  the  TA  muscle  in  the  area  where  the  original 
surgical  defect  was  made.  Sections  were  stained  with  hematoxylin  and  eosin  (H8?E). 
Immunofluorescence  stained  tissue  sections  were  probed  for  collagen  1  (1:500, 
Millipore  AB755P),  sarcomeric  myosin  (MF20:  1:10,  Hybridoma  Bank),  laminin 
(1:200,  Abeam  AB11575),  CD68  (1:50,  AbD  Serotec  MCA341R),  cellular  membranes 
(wheat  germ  agglutinin;  WG:  1 :20,  Invitrogen),  and  nuclei  (DAPI;  1 :100,  Invitrogen). 
Sections  were  blocked  in  PBS  containing  0.05%  Tween  20,  5%  goat  serum,  and  0.1% 
bovine  serum  for  1  h  at  room  temperature  and  then  incubated  in  primary  antibody 
solutions  overnight  at  4  °C.  Sections  were  washed  in  PBS  and  incubated  in  corre¬ 
sponding  Alexaflour  488  or  596  labeled  secondary  antibodies  (1:200—1:500,  Invi¬ 
trogen)  at  room  temperature  for  1  h.  The  sections  were  then  stained  with  DAPI  and 
mounted  in  Fluoromount  (Fisher  Scientific).  Qualitative  assessments  were  made  by 
observing  three  sections  (separated  by  no  less  than  160  pm)  from  3  to  5  muscles  per 
time  point  per  group.  CD68  +  cells  were  counted  in  mECM-repaired  and  no  repair 
tissue  at  two  weeks  post  injury.  Five  high-powered  fields  (400  x  magnification)  from 
a  section  from  the  middle  of  the  defect  from  three  muscles  per  experimental  group 
were  analyzed.  At  two  months  post-injury,  the  area  fraction  of  fibrous  tissue  within 
the  remaining  muscle  mass  was  determined  from  collagen  I  stained  sections  of 
uninjured  and  VML  no  repair,  mECM-repaired,  and  mECM  +  BMSCs-repaired 
muscles  (n  =  3  muscles,  3—5  non-overlapping  200  x  images  per  muscle).  Images 
were  converted  to  8-bit,  background  subtracted  and  rescaled  from  0  to  255  before 
a  threshold  was  applied  to  each  image  using  Image  J  (NIH,  Bethesda,  MD). 

2.9.  Muscle  fiber  cross  sectional  area  analysis 

Fiber  cross-sectional  area  was  determined  using  a  custom-written  macro  in 
Image  J  (NIH,  Bethesda,  MD),  using  methodology  described  in  Meyer  and  Lieber  [36]. 
Images  captured  from  the  remaining  muscle  mass  of  laminin  stained  sections 
(n  =  5—9  muscles  per  group;  ~2000  fibers  per  group)  were  analyzed.  Only  fibers 
with  sizes  between  50  and  6000  pm2  and  a  circularity  between  0.3  and  1.0  were 
included  for  analysis  to  remove  the  measurement  of  neurovascular  bundles,  opti¬ 
cally  fused  fibers,  and  oblique  fibers  [36].  Fibers  on  the  border  of  the  image  were  also 
excluded  from  analysis. 

2.10.  Statistics 

Cellular,  morphological  and  functional  data  were  initially  analyzed  using  sepa¬ 
rate  ANOVAs.  Upon  finding  significance,  post-hoc  means  comparisons  were  per¬ 
formed  using  Fisher’s  LSD.  Statistical  significance  was  achieved  at  an  alpha  of  0.05. 
Statistical  analyses  were  performed  using  SPSS  18.0. 


3.  Results 

3.1.  In  vitro  characterization  of  mECM 

mECMs  were  decellularized  from  whole  rat  TA  muscles  using  an 
enzymatic  and  detergent-based  approach  as  described  in  the 
methods  (Fig.  1A).  mECMs  were  found  to  be  devoid  of  nuclei 
as  determined  by  DAPI  staining  (Fig.  IB).  The  DNA  content 
found  within  mECMs  averaged  less  than  6  ng/mg  mECM  (Fig.  1C), 
values  well-below  that  of  native  skeletal  muscle  and  the  criteria 
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Fig.  1.  mECM  morphology  and  characterization.  (A)  Gross  morphology  of  mECMs  prior  to  transplantation.  (B)  DAPI  staining  of  a  thin  slice  of  mECM  demonstrating  the  removal  of 
nuclei.  Scale  bar  =  200  pm  (C)  DNA  content  of  mECM;  *less  than  native  muscle  (control)  p  <  0.05.  (D)  Cell  proliferation  in  the  presence  and  absence  of  mECM  in  10%  FBS  or  HS; 
*greater  than  respective  serum  control  at  the  time  point  specified  p  <  0.05.  Values  are  means  ±  SEM. 


Fig.  2.  Acute  regenerative  host  response  to  volumetric  muscle  loss  with  and  without  transplantation  of  homologous  mECM.  Non-repaired  (A  &  C)  and  mECM-repaired  (B  &  D)  TA 
muscles  were  harvested  two  weeks  post-injury  and  cross-sections  of  the  muscle  were  fluorescently  probed  for  markers,  as  denoted  on  each  row  of  images  and  described  in  the 
methods.  Note:  The  diagram  of  the  TA  muscle  illustrates  where  the  depicted  images  for  each  group  were  captured  relative  to  the  defect  site.  White  dashed  lines  indicate  the 
approximate  interface  between  the  remaining  muscle  mass  (left)  and  transplanted  mECM  (right).  Images  are  of  100 x  magnification;  Scale  bar  =  100  pm. 
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(<50  ng/mg)  of  a  sufficiently  decellularized  ECM  [37].  Moreover, 
mECM  fragments  were  found  to  enhance  satellite  cell  proliferation 
in  vitro  in  a  higher  (FBS)  and  lower  (HS)  nutrient-rich  media 
(Fig.  ID),  indicating  that  while  the  mECM  was  decellularized,  bio¬ 
logical  components  capable  of  promoting  cell  proliferation 
remained  present. 

3.2.  Early  response  after  VML  Sr  mECM  repair 

Two  weeks  after  injury  very  little  myogenesis,  as  indicated  by 
the  presence  of  small  myosin  positive  fibers,  were  observed  in  non¬ 


repaired  and  mECM  repaired  muscles  (Fig.  2A  and  B).  Macrophages 
(CD68  +  cells)  were  localized  within  the  remaining  muscle  mass, 
which  appeared  fibrotic,  in  non-repaired  tissues,  but  were  pri¬ 
marily  localized  within  the  transplanted  mECM  (Fig.  2C  and  D).  The 
magnitude  of  the  immune  (CD68  +  cells)  response  was  greater 
with  mECM  transplantation  than  with  no-repair  (73  ±  7  vs.  26  ±  4 
CD68  +  cells  per  400  x  high  powered  field,  respectively;  p  <  0.001). 
Interestingly,  muscle  fiber  damage,  marked  by  inflammation  and 
focal  sites  of  muscle  fiber  necrosis,  was  observed  in  the  remaining 
muscle  mass  (in  discrete  areas  from  the  defect  site)  of  mECM- 
repaired  and  to  a  qualitatively  greater  extent  in  the  non-repaired 
tissue  (Fig.  3).  In  response  to  the  frank  loss  of  ~20%  of  muscle 
mass  and  potentially  the  ensuing  damage  to  the  remaining  tissue, 
an  ~30%  isometric  torque  deficit  was  observed  two  weeks  post¬ 
injury  for  non-repaired  and  mECM-repaired  muscles  (Fig.  4). 
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Fig.  3.  Muscle  fiber  damage  in  the  remaining  muscle  mass  two  weeks  after  volumetric 
muscle  loss  with  and  without  transplantation  of  homologous  mECM.  Cross-sections  of 
uninjured  (A),  non-repaired  (B),  and  mECM-repaired  (C)  VML  injured  muscles  were 
stained  with  hematoxylin  and  eosin.  Note:  The  diagram  of  the  TA  muscle  illustrates 
where  the  depicted  images  for  each  group  were  captured  relative  to  the  defect  site. 
Images  are  of  100 x  magnification;  Scale  bar  =  100  pm. 


Fig.  4.  In  vivo  TA  muscle  isometric  torque  two  weeks  after  volumetric  muscle  loss. 
Isometric  torque  was  measured  in  age-matched  uninjured,  non-repaired,  and  mECM- 
repaired  TA  muscles  following  stimulation  of  the  common  peroneal  nerve  (0.1  ms 
pulse  width;  150  Hz;  400  ms  train;  2-5  V).  Representative  torque  tracings  for  each 
group  (A)  and  group  means  ±  SEM  (n  =  3/group;  B)  are  presented.  *group  means  are 
statistically  different  (p  <  0.05)  from  uninjured  muscle. 
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3.3.  Prolonged  tissue  generation  after  mECM  repair 

3.3.1.  Myogenesis  after  mECM  transplantation 

In  line  with  the  low  myogenic  response  observed  at  two  weeks, 
limited  evidence  of  muscle  fiber  generation  (i.e.,  myosin  +  fibers) 
within  the  area  of  the  transplanted  mECM  was  observed  out  to  six 
months  post-injury  (Fig.  5A,  C,  &  E).  In  an  effort  to  augment  the 
myogenic  regenerative  phenotype  within  the  defect,  BMSCs  were 
injected  into  the  mECM  seven  days  after  implantation.  This 
approach  was  chosen  because  mesenchymal  stem  cells  have  been 
shown  to  differentiate  along  a  myogenic  lineage  in  response  to 
appropriate  mechanical  and  environmental  cues  [38],  to  migrate  to 
otherwise  healthy  muscle  in  response  to  injury  [39],  and  even  to 
enhance  the  functional  restoration  of  skeletal  muscle  following 
crush  [40]  and  volumetric  muscle  loss  [21]  injuries.  In  general,  the 
delayed  injection  of  BMSCs  resulted  in  the  generation  of  a  similarly 
small  volume  of  muscle  fibers  at  the  interface  with  the  native  tissue 
as  observed  with  mECM  alone  (Fig.  5B,  D,  F). 


Specifically,  over  the  first  six  months  post-injury  the  following 
observations  were  made  after  mECM  transplantation  with  or 
without  the  delivery  of  BMSCs:  At  two  months  post-injury  there 
were  signs  of  small  muscle  fibers  within  the  defect,  however,  the 
fibers  were  located  only  ~  100  pm  from  the  remaining  musculature 
and  did  not  visibly  approximate  the  cross-sectional  area  of  mature 
muscle  fibers.  At  four  months,  the  fate  of  the  putatively  early 
developing  fibers  was  not  apparent  suggesting  that  either  the  fibers 
did  not  survive  or  they  merged  with  the  remaining  musculature.  In 
support  of  the  latter  possibility,  in  some  instances  with  either 
treatment  group  a  band  of  muscle  fibers  (e.g.,  3  to  4  fibers)  was 
observed  and  they  were  oriented  perpendicular  to  the  muscle  fi¬ 
bers  in  the  remaining  muscle  mass.  At  six  months  post-injury,  we 
did  not  observe  overt  signs  of  delayed  muscle  fiber  generation  in  TA 
muscles  with  either  treatment,  i.e.,  no  small  muscle  fibers  were 
observed  within  the  defect  area.  Instead,  at  four  and  six  months 
post-injury  adipocytes  (confirmed  with  oil  red  o  staining,  data  not 
shown)  accumulated  near  the  interface  with  the  remaining  muscle 


Fig.  5.  Characterization  of  muscle  fiber  generation  at  the  defect  area  out  to  six  months  after  VML  injury  in  muscles  repaired  using  tissue  engineering  strategies.  Injured  muscles 
were  repaired  with  mECM  (A,  C,  &  E)  or  mECM  with  the  delayed  addition  of  ~  1  million  BMSCs  directly  to  the  mECM  7  days  post-injury  (B,  D,  &  F).  TA  muscles  were  harvested  at  2  (A 
&  B),  4  (C  &  D),  and  6  (E  &  F)  months  post-injury  and  cross-sections  were  probed  for  sarcomeric  myosin,  laminin,  and  nuclei  (DAPI).  Note:  The  diagram  of  the  TA  muscle  illustrates 
where  the  depicted  images  for  each  group  were  captured  relative  to  the  defect  site.  Dashed  lines  indicate  the  approximate  interface  between  the  remaining  muscle  mass  (left)  and 
transplanted  mECM  (right).  In  some  cases  for  mECM  and  mECM  +  BMSC  groups,  longitudinal  fibers  were  observed  in  close  proximity  to  the  remaining  muscle  mass  (D;  Yellow 
dashed  line).  Images  are  of  100/  magnification;  Scale  bar  =  100  pm.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
this  article.) 
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mass  (e.g.,  Fig.  5C,  E,  &  F).  Collectively,  limited  signs  of  de  novo 
muscle  fiber  generation  were  observed  following  transplantation  of 
mECM  with  or  without  injection  of  BMSCs. 

3.3.2.  Fibrosis  after  VML  in  non-repaired  and  mECM-repaired 
muscle 

Transplanted  mECMs  ( with  or  without  BMSCs )  were  remodeled 
and  replaced  with  fibrous  tissue  (Fig.  6).  The  laminin  staining 
marking  the  transplanted  mECM  at  two  weeks  post-injury  (Fig.  2B) 
was  no  longer  present  at  prolonged  time  points  (Fig.  6B),  indicating 
a  complete  remodeling  of  the  mECM.  In  the  area  of  the  defect, 
a  large  fibrotic  mass  composed  of  collagen  I  (and  collagen  III;  data 
not  shown )  appeared  to  be  integrated  with  the  remaining  muscle 
mass  (Fig.  6D).  In  contrast,  non-repaired  muscles  demonstrated  an 
increased  collagen  I  deposition  in  the  remaining  muscle  mass 
immediately  under  the  defect  area  (Fig.  6C).  That  is  to  say,  non¬ 
repaired  and  mECM  repaired  muscles  presented  with  fibrosis  in 
distinctly  different  areas  after  VML  injury.  The  area  fraction  of 
intramuscular  collagen  I  (located  exclusively  within  the  remaining 
muscle  mass)  was  nearly  two-fold  greater  for  no  repair  compared 
to  uninjured,  mECM,  and  mECM  +  BMSC  groups  by  two  months 
post-injury  (17  ±  2  vs.  10  ±  1,  10  ±  1,  &  10  ±  1%,  respectively; 
p  <  0.001).  The  increased  fibrosis  in  each  group,  appeared  to  be 
associated  with  a  prolonged  inflammatory  response,  as  CD68  + 
cells  were  localized  to  the  area  of  fibrosis  in  each  respective  tissue 
(Fig.  6E  and  F).  Stated  otherwise,  macrophages  were  located  within 


the  remaining  muscle  mass  in  non-repaired  muscle  and  primarily 
limited  to  the  defect  area  in  mECM-treated  muscle. 

3.4.  Functional  capacity  of  non-repaired  and  mECM-treated 
muscles 

Animal  and  TA  muscle  characteristics  are  listed  in  Table  1.  Active 
TA  muscle  isometric  tetanic  force  was  measured  in  situ  at  two,  four, 
or  six  months  post-injury  in  injured  and  contralateral  uninjured 
muscles  (Fig.  7).  Because  there  were  significant  differences  in  body 
weight  among  groups  at  the  time  of  sacrifice,  despite  weights  being 
similar  at  the  time  of  surgery  (Table  1 ),  maximal  isometric  forces 
were  normalized  to  body  weight.  Following  normalization,  force 
produced  by  contralateral  uninjured  muscles  was  similar  among 
groups  at  each  time  post-injury  and  was  therefore  considered  as 
one  group  (Table  1).  At  two  and  four  months  post-injury,  non¬ 
repaired  muscles  exhibited  a  -29  and  -31%  deficit,  respectively, 
compared  to  uninjured  contralateral  muscles.  At  these  times  (2  and 
4  months  post-injury),  the  functional  deficit  was  reduced  to  -23 
and  -25%  for  mECM  and  -22  and  -18%  for  mECM  +  BMSC  treated 
muscles.  Interestingly,  at  6  months  post-injury  non-repaired 
muscles  exhibited  an  improved  functional  capacity  resulting  in 
a  -20%  force  deficit  —  mECM  and  mECM  +  BMSC  treated  muscles 
maintained  a  -22  and  -18%  deficit,  respectively.  Thus,  while 
mECM-based  treatments  improved  functional  recovery  over  the 
first  four  months  post-injury,  non-repaired  muscle  exhibited 


Fig.  6.  Scar  formation  at  the  site  of  the  defect  after  volumetric  muscle  loss  injury.  TA  muscles  from  no  repair  (A,  C,  &  E)  and  mECM-repaired  (B,  D,  &  F)  groups  were  harvested  two 
months  post-injury  and  cross-sections  of  the  muscle  were  fluorescently  probed  for  markers,  as  denoted  on  each  row  of  images.  Note:  The  diagram  of  the  TA  muscle  illustrates  where 
the  depicted  images  for  each  group  were  captured  relative  to  the  defect  site.  White  dashed  lines  indicate  the  approximate  interface  between  the  remaining  muscle  mass  (left)  and 
transplanted  mECM  (right).  Images  A-D  are  of  40x  magnification;  Scale  bar  =  200  pm,  while  images  E  &  F  are  200x  magnification;  Scare  bar  =  50  pm. 
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Fig.  7.  In  situ  TA  muscle  isometric  force  production  following  volumetric  muscle  loss 
injury  and  repair  with  tissue  engineering  strategies.  Isometric  force  was  measured  in 
non-repaired  (NR),  mECM-repaired,  and  mECM  +  BMSC  repaired  muscles  2,  4,  and  6 
months  post-injury  using  identical  neural  stimulation  parameters  described  in  Fig.  2. 
Force  measured  from  the  contralateral  control  muscles  were  used  as  uninjured  con¬ 
trols.  Representative  force  tracings  for  each  group  two  months  post-injury  are  illus¬ 
trated  (A)  and  group  means  ±  SEM  (sample  sizes  are  listed  in  Table  1 ;  B)  are  presented 
for  each  time  point  as  listed.  Annotated  group  means  are  statistically  different 
(p  <  0.05)  from  (*)  uninjured  and  ( j )  non-repaired  muscles. 


a  delayed  improvement  in  force  from  four  to  six  months  post¬ 
injury. 

3.5.  Muscle  fiber  damage,  repair,  and  remodeling  in  the  remaining 
muscle  mass 

Extensive  fiber  damage  and  remodeling  was  observed  radiating 
from  the  defect  area  into  the  remaining  muscle  mass  in  non¬ 
repaired  muscle  out  to  four  months  post-injury  (Fig.  8A  and  D). 
Muscles  repaired  with  mECM  (with  or  without  BMSC  delivery)  did 
not  present  with  this  damage  to  the  remaining  muscle  mass  (e.g., 
Fig.  8B  and  C),  suggesting  that  the  functional  improvements 
observed  with  mECM  transplantation  at  two  and  four  months  post¬ 
injury  are  primarily  due  to  attenuation  of  damage  of  the  remaining 
musculature.  As  further  support  of  this  supposition,  six  months 
post-injury  the  non-repaired  muscle  appeared  to  remodel  and 
repair  the  damage  observed  at  earlier  time  points  (Fig.  8G),  which 
coincided  with  the  delayed  improvements  in  force  production 
observed  in  this  group  (Fig.  7).  Lastly,  the  mean  cross-sectional  area 
of  muscle  fibers  in  the  remaining  muscle  mass  of  non-repaired 
muscle  was  significantly  less  than  either  mECM  treated  (with  or 


without  BMSCs)  and  uninjured  muscles  (Fig.  9),  lending  further 
support  that  mECM-based  treatments  impact  the  remodeling 
processes  of  the  remaining  muscle  mass  after  VML. 

4.  Discussion 

There  is  a  growing  research  effort  to  develop  tissue  engineering 
technologies  for  the  treatment  of  volumetric  muscle  loss.  The  pri¬ 
mary  treatment  outcome  for  therapies  of  VML  is  an  improvement 
in  muscle  function  [15].  To  achieve  this  goal,  a  large  emphasis  has 
been  placed  on  generating  functional  muscle  fibers  to  replace  those 
that  were  lost.  However,  while  fiber  generation  is  certainly  ideal, 
there  also  exists  a  currently  unaddressed  opportunity  for  tissue 
engineering/regenerative  medicine  therapies  to  improve  the 
functional  capacity  of  the  remaining  muscle  mass.  Stated  otherwise 
and  simply,  the  functional  deficits  following  VML  may  not  only  be 
due  to  the  frank  loss  of  tissue,  but  may  also  involve  changes  in 
muscle  architecture  [41  ],  dampened  force  transmission  [42,43],  and 
prolonged  muscle  damage  [14]  to  the  remaining  portion  of  injured 
muscle.  This  is  effectively  demonstrated  in  preclinical  VML  models 
by  the  fact  that  the  functional  deficit  of  non-repaired  muscle  is 
greater  in  magnitude  than  the  mass  of  tissue  excised  [9,10,13,20]. 
Thus,  there  is  ample  opportunity  to  make  incremental  improve¬ 
ments  in  function  after  VML  by  not  only  generating  neo-tissue,  but 
also  by  improving  the  functional  efficiency  and  capacity  of  the 
remaining  musculature. 

The  results  of  this  study  demonstrate  that  a  skeletal  muscle 
derived  biological  ECM  without  the  addition  of  a  stem  or  progenitor 
cell  source  can  enhance  the  rate  of  functional  recovery  of  VML 
injured  muscle,  and  that  this  improved  rate  of  recovery  may  be  due 
to  improvements  in  the  remaining  muscle  mass.  This  is  the  first 
study  to  demonstrate  such  an  effect  on  a  whole  muscle  level  under 
in  vivo  conditions  (i.e.,  neural  stimulation  with  the  muscle 
remaining  under  endogenous  blood  supply).  In  part,  the  findings  of 
the  current  study  agree  with  previous  reports  indicating  that  bio¬ 
logical  ECM-mediated  improvements  in  function  using  non- 
classical  physiological  assessments  [22,30],  but  disagrees  with 
other  related  studies  [10,20].  To  this  end,  the  current  findings 
support  that  biological  ECM-based  therapies  meet  the  basic  criteria 
of  a  successful  treatment  for  VML  —  that  is  an  improvement  in 
functional  recovery  of  the  injured  musculature  [15]. 

Given  the  lack  of  muscle  fiber  generation  observed  within  the 
defect  area  in  the  current  study,  the  functional  improvements 
observed  at  two  and  four  months  post-injury  following  mECM 
transplantation  (with  or  without  BMSC  injection)  cannot  be 
explained  even  partly  by  the  generation  of  functional  tissue,  unlike 
other  related  studies  [9,20—22,30].  Instead  of  muscle  fibers,  a  large 
fibrotic  mass  (laminincollagen  I  positive;  Fig.  6)  was  observed  by 
two  months  post-injury  in  the  area  where  the  mECM  (laminin  +  at 
two  weeks;  Fig.  2)  was  transplanted;  findings  that  are  in  agreement 
to  those  presented  previously  by  Turner  et  al.  [44],  and  Gamba  et  al. 
[45]  following  transplantation  of  xenogenic  SIS  scaffold  or  synge¬ 
neic  mECM,  respectively.  In  fact,  there  is  disparity  among  studies 
describing  the  ability  of  biological  scaffolds  ( with  or  without  the 
inclusion  of  stem  or  progenitor  cells)  to  generate  a  clinically  relevant 
volume  of  skeletal  muscle  fibers  in  VML  or  VML-like  ( abdominal 
wall )  models.  In  many  reports,  a  modest  level  of  muscle  fiber 
generation  is  demonstrated  [9,20,21,23,30],  although  there  are  also 
more  extreme  examples  of  an  abundance  [22,24]  and  a  dearth 
[44,45]  of  muscle  fiber  generation  following  ECM  transplantation. 
Regardless  of  the  final  outcome  (i.e.,  muscle  fiber  generation  vs. 
fibrosis)  or  specific  tissue  engineering  approach  used  (i.e.,  type  of 
ECM,  inclusion/specific  cell  source),  significant  collagen  deposition 
is  consistently  observed  in  the  area  of  the  transplant  at  least 
intermittently  post-transplantation  [e.g.,  Ref.  [22]]. 
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Fig.  8.  Prolonged  muscle  fiber  damage  and  disruption  in  the  remaining  muscle  mass  following  volumetric  muscle  loss.  TA  muscles  from  no  repair  (A,  D,  &  G),  mECM-repaired  (B,  E, 
&  H),  and  mECM  +  BMSC  repaired  (C,  F,  &  I)  were  harvested  at  2  (A-C),  4  (D-F),  or  6  (G— I)  months  post-injury  and  stained.  Cross-sections  were  stained  with  hematoxylin  and  eosin. 
Note:  The  diagram  of  the  TA  muscle  illustrates  where  the  depicted  images  for  each  group  were  captured  relative  to  the  defect  site.  Images  are  of  40 x  magnification;  Scale 
bar  =  200  pm. 


+/-  BMSC 

Fig.  9.  Architectural  alterations  of  the  remaining  muscle  mass  after  volumetric  muscle  loss.  Contralateral  uninjured  (A;  n  =  5)  and  VML  injured  non-repaired  (B;  n  =  9)  and  mECM- 
repaired  with  or  without  BMSC  (C;  n  =  18)  muscles  were  harvested  at  2, 4  and  6  months  post-injury.  Muscle  fiber  area  was  measured  for  fibers  located  in  the  remaining  muscle  mass 
from  laminin  stained  sections  (A-D)  using  a  custom  written  macro  in  Image  J.  Images  are  200 x  magnification;  Scale  bar  =  50  pm.  Group  fiber  area  means  ±  SEM  (D)  are  presented 
for  all  time  points  combined.  Annotated  group  means  are  statistically  different  (p  <  0.05)  from  (*)  uninjured  and  (f)  non-repaired  muscles. 
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With  this  in  mind,  the  current  findings  point  towards  a  novel 
mechanism  by  which  biological  ECMs  may  improve  the  functional 
capacity  of  skeletal  muscle  with  VML,  wherein  the  commonly 
observed  ECM-mediated  collagen  deposition  in  the  defect  area 
treats  the  remaining  muscle  mass.  In  support,  we  observed  an  as¬ 
sociation  between  the  timing  of  endogenous  healing  (non¬ 
repaired)  and  prevention  (mECM-repaired)  of  prolonged  muscle 
fiber  damage  in  the  remaining  muscle  mass  with  the  partial 
restoration  of  functional  capacity  over  the  course  of  six  months 
post-injury  (Figs.  7  and  8).  Additionally,  we  observed  that  mECM 
transplantation  partially  prevented  reductions  in  fiber  cross- 
sectional  area  in  the  remainder  of  VML  injured  muscle  (Fig.  9), 
indicating  attenuation  of  either  muscle  fiber  atrophy  or  a  reduction 
in  fiber  pennation  angle  [46].  Collectively  these  findings  support 
the  supposition  that  mECM  directed  collagen  deposition  within  the 
defect  area  protects  the  remaining  musculature  from  prolonged 
muscle  damage  and  potentially  muscle  fiber  atrophy,  and  in  doing 
so  incrementally  improves  the  rate  of  recovery  of  net  force 
production. 

Very  little  is  currently  understood  regarding  the  response  of  the 
remaining  muscle  mass  after  VML.  Presumably  VML  results  in 
vascular  and  neural  damage  and  muscle  fiber  injury,  all  with  the 
potential  to  induce  an  ensuing  inflammatory  response  and  fibrosis. 
Additionally,  mechanical  overload  induces  further  injury  upon 
restoration  of  use  of  the  muscle  or  muscle  unit,  as  occurs  with 
synergist  muscle  ablation  [47]  and  with  the  myopathology  of  dys¬ 
trophic  mice  [48,49],  In  fact,  the  prolonged  (~4— 6  months)  pres¬ 
ence  of  muscle  damage  in  the  remaining  muscle  is  suggestive  of  the 
repeated  cycles  of  muscle  fiber  degeneration  and  regeneration  that 
are  a  hallmark  of  muscular  dystrophy  [49],  raising  concerns  as  to 
whether  the  regenerative  capacity  of  the  remaining  muscle  mass 
may  become  diminished  [50,51]  following  a  prolonged  period  of 
endogenous  healing  [8[.  The  extent  of  mechanical  overload  injury 
secondary  to  VML,  is  likely  determined  by  the  magnitude  and  fre¬ 
quency  of  stress  placed  on  the  remaining  tissue  [52,53]  and  thus 
is  dependent  on  VML  injury  severity  (e.g.,  20  vs  60%  of  the  tissue 
remaining)  as  well  as  muscle  activity,  among  other  factors 
(e.g.,  type  of  muscle  injured).  Given  the  location  (i.e.,  radiating  in¬ 
ward  from  the  defect  area  into  the  remaining  muscle  mass),  we 
presume  that  the  prolonged  muscle  damage  observed  in  non¬ 
repaired  muscles  two  and  four  months  post-injury  (Fig.  8)  is  the 
result  of  chronic  overload,  wherein  the  defect  area  is  most  vul¬ 
nerable  to  greater  relative  mechanical  stress.  In  this  scenario,  the 
increased  collagen  deposition  mediated  by  mECM  transplantation 
[42,43,54],  may  have  served  as  structural  reinforcement  for  the 
underlying  fibers  and/or  as  a  fibrous  network  serving  to  transmit 
forces,  an  apparent  conserved  response  of  skeletal  muscle  to 
increased  mechanical  stress  (e.g.,  desmin  knockout  mice  [36], 
repeated  strain  injury  [55,56],  &  biceps  muscle  injury  [57]).  Addi¬ 
tionally,  degradation  of  the  mECM  may  have  also  released  trophic 
factors  capable  of  assisting  regeneration  of  the  remaining  muscle 
mass.  Ultimately,  in  this  VML  model  the  result  of  mECM-mediated 
collagen  deposition  within  the  area  of  the  defect  is  a  clear  attenu¬ 
ation  of  prolonged  fiber  damage  and  putative  atrophy  within  the 
remaining  muscle  mass. 

Undoubtedly,  the  primary  goal  of  tissue  engineering  therapies 
for  VML  is  to  improve  functional  capacity  in  vivo,  by  promoting  the 
generation  of  new  muscle  fibers  to  replace  those  that  were  lost.  In 
this  study,  we  demonstrate  that  transplantation  of  a  biological  ECM 
can  improve  the  rate  of  muscle  force  recovery  without  significant 
muscle  fiber  generation.  Instead,  the  extensive  mECM  mediated 
collagen  deposition  appeared  to  protect  the  remaining  muscle  mass 
from  prolonged  muscle  injury  and  fibrosis.  Flowever,  it  should  be 
noted  that,  in  this  model,  the  magnitude  of  functional  recovery 
promoted  by  mECM  transplantation  (with  or  without  the  inclusion 


of  BMSCs)  was  eventually  met,  albeit  four  months  later,  by 
endogenous  repair  mechanisms.  On  one  hand,  this  highlights  the 
absolute  requirement  for  tissue  engineering  therapies  to  promote 
significant  muscle  fiber  generation  in  order  to  significantly  improve 
functional  recovery.  On  the  other  hand,  the  formation  of  functional 
fibrosis  alone  in  the  defect  area  may  attenuate  the  progression  of 
a  chronic  intramuscular  fibrosis,  while  at  the  same  time  potentially 
allowing  for  greater  treatment  efficacy  with  physical  rehabilitation 
(i.e.,  the  muscle  can  withstand  greater  mechanical  stress).  Under 
most  circumstances,  the  current  tissue  engineering  paradigm  ap¬ 
pears  to  provide  both  an  initial  collagen  deposition  and  then  later, 
an  increased  presence  of  putative  functional  muscle  fibers  in  the 
defect  area,  suggesting  that  both  mechanisms  of  functional  recov¬ 
ery  explain  the  findings  of  previous  reports  [e.g.,  Ref.  [22]]. 

Clearly,  there  remain  questions  regarding  optimal  treatment 
strategies  for  VML,  not  the  least  of  which  is  the  optimal  timing  for 
treatment.  Currently,  no  animal  model  of  VML  has  been  given 
a  delayed  treatment  (i.e.,  months  after  injury),  whereas,  the  only 
clinical  report  of  a  tissue  engineering  device  used  to  treat  VML  was 
~3  years  post-injury  [8[.  Future  animal  studies  investigating  the 
role  of  tissue  engineering  solutions  (including  biological  ECMs  with 
and  without  stem  or  progenitor  cells)  for  VML  should  begin  to 
consider  the  clinical  realities  of  comorbidities  (e.g.,  bone  fracture 
[13]),  treatment  timing  (e.g.,  acute  vs.  delayed),  and  concomitant 
therapies  (e.g.,  physical  rehabilitation). 

Lastly,  it  is  important  to  emphasize  that  the  finding  of  the  cur¬ 
rent  study,  that  mECM  with  and  without  BMSC  injection  does  not 
promote  muscle  fiber  generation,  is  limited  to  the  specific  condi¬ 
tions  of  this  study  and  should  be  interpreted  broadly  with  caution. 
Biological  ECM  preparation  (i.e.,  decellularization)  procedures  can 
vary  in  the  degree  of  cellular  removal,  disruption  of  the  ultra¬ 
structure,  and  deterioration  of  biological  activity  [23,37],  and 
therefore  have  a  profound  impact  on  in  vivo  ECM  performance.  We 
cannot  currently  explain  why  the  mECM  (prepared  with  minor 
variations  to  Stern  et  al.  [31])  in  the  current  study  did  not  support 
muscle  fiber  generation,  when  1 )  the  ECM  was  sufficiently  decel- 
lularized  but  still  maintained  biological  factors  capable  of  pro¬ 
moting  muscle  progenitor  cell  proliferation  (Figs.  1  and  2)  other 
mECMs  have  been  shown  to  promote  a  low  level  of  fiber  generation 
in  vivo  using  potentially  harsher  [10,21]  and  gentler  [23]  prepara¬ 
tions.  Similarly,  it  is  difficult  to  reconcile  why  the  delayed  injection 
of  BMSCs  did  not  promote  tissue  generation  in  the  defect  area,  as 
our  lab  group  has  demonstrated  previously  [21].  While  these  dis¬ 
crepant  findings  may  be  related  to  differences  among  biological 
scaffolds,  they  may  also  be  due  to  different  injury  models  (TA 
muscle  vs.  lateral  gastrocnemius  muscle  [21  ])  employed.  In  support 
of  the  latter,  recently  the  Badylak  laboratory  demonstrated  that 
transplantation  of  SIS-based  ECMs  promoted  the  generation  of 
a  remarkable  volume  of  skeletal  muscle  fibers  in  a  muscle-tendon 
injury  [22],  but  extensive  fibrosis  in  a  complex  quadriceps  muscle 
injury  in  dogs  [44].  Collectively,  discrepancies  within  the  related 
literature  and  with  this  study  broadly  indicate  that  a  variety  of 
tissue  engineering  solutions  are  likely  required  to  provide  per¬ 
sonalized  care  for  civilians  and  Wounded  Warriors  with  VML. 

5.  Conclusion 

The  salient  finding  of  this  study  is  that  a  biological  ECM  can 
improve  the  functional  capacity  of  skeletal  muscle  with  VML  by 
increasing  the  mechanical  stability  (i.e.,  lessening  prolonged  mus¬ 
cle  damage)  of  the  remaining  muscle  mass.  This  points  to  a  novel 
role  of  biological  ECM  transplantation  indicating  that  while  pro¬ 
longed  regenerative  events  occur,  the  commonly  observed  collagen 
deposition  in  the  defect  may  have  beneficial  therapeutic  outcomes 
directed  at  the  remaining  musculature.  These  are  encouraging 
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findings  for  developing  tissue  engineering  strategies  using  bio¬ 
logical  ECMs,  especially  in  the  context  of  combining  the  effects  of 
physical  rehabilitation  and  tissue  engineering  therapies. 
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